In the rapidly developing, diploid amphibian Xenopus tropicalis, genetics can be married to the already powerful tools of the amphibian system to overcome a disability that has hampered Xenopus laevis as a model organism: the difficulties inherent in conducting genetic analyses in a tetraploid organism with a longer generation time. We describe here a gynogenetic screen to uncover naturally occurring recessive mutations in wild X. tropicalis populations, a procedure that is both faster and easier than conventional genetic screens traditionally employed in model organisms to dissect early developmental pathways. During the first round of our screen, gynogenetic diploids from over 160 females comprising four different wild-caught populations were examined. Forty-two potential mutant phenotypes were isolated during this round of gynogenesis. From this group, we describe 10 lines that have genetically heritable recessive mutations. A wide range of developmental defects were obtained in this screen, encompassing effects limited to individual organs as well phenotypes characterized by more global changes in tadpole body morphology. The frequency of recessive mutations detected in our screen appears lower than that seen in other vertebrate genetic screens, but given constraints on the screening procedure used here, is likely to be consistent with rates seen in other animals, and clearly illustrates how wild-caught animals can be a productive source of developmental mutations for experimental study. The development of genetic strategies for the Xenopus system, together with new genomic resources, existing technologies for transgenesis, and other means for manipulating gene expression, as well as the power of performing embryonic manipulations, will provide an impressive set of tools for resolving complex cell and developmental phenomena in the future. q
Introduction
Xenopus tropicalis is a new model system that incorporates all the advantages of Xenopus laevis and the wealth of X. laevis techniques, tools, and knowledge, with a smaller diploid genome and shorter generation time (Hirsch et al., 2002a) . Given the success of using mutants to identify genes and gene pathways important in embryogenesis, both in Drosophila and in vertebrates, the potential power of isolating early developmental mutants in X. tropicalis is clear. One way to achieve this will be to carry out large-scale mutagenesis screens such as those carried out in Drosophila melanogaster (Nusslein-Volhard and Wieschaus, 1980; Jurgens et al., 1984; Nusslein-Volhard et al., 1984; Wieschaus et al., 1984) , Caenorhabditis elegans (Brenner, 1974; Kemphues et al., 1988) , and zebrafish (Mullins et al., 1994; Driever et al., 1996; Haffter et al., 1996) .
There are a number of different approaches for that could be used for inducing mutations, for example, ultra-violet (UV), X-rays and gamma rays (Chakrabarti et al., 1983; Walker and Streisinger, 1983; Grunwald and Streisinger, 1992a) or chemical mutagens for example, ethylnitrosourea (ENU) (Grunwald and Streisinger, 1992b) . Since all of these methods require some preliminary studies to determine dosage proper dosages to ensure screen saturation, we decided that, while ideal experimental conditions for these approaches were being determined, another avenue could be pursued to obtain interesting developmental mutants. It had been shown previously that natural populations from which model organisms are derived also provide a rich source of mutants (Krotoski et al., 1985; McCune et al., 2002) . Therefore, we reasoned that a screen that utilized wildcaught X. tropicalis would be a fast way to identify naturally occurring mutant recessive alleles.
The traditional mutagenesis screen involves the creation of a large number of lines derived from mutagenized individuals, which then need to be inbred to produce the required homozygous embryos for analysis (Haffter et al., 1996) . While three generations are required to isolate homozygous mutants in the traditional manner, the approach we used, based on the methods developed for making mutants in wild-caught animals in X. laevis (Tompkins, 1978) reduces this requirement to two generations (Fig. 1A) . The approach entails a uniparental screen, which has the advantage of allowing a recessive mutation to be uncovered in one generation by relieving the masking effect of the genetic contribution from the wild-type parent (Fig. 1B) . Of the two types of uniparental inheritance, gynogenesis and androgenesis, where the embryo genome is derived solely from either the mother or father, respectively, gynogenesis was chosen as the technique of choice because of its success history in both zebrafish and X. laevis (Streisinger et al., 1981; Krotoski et al., 1985; Cheng and Moore, 1997; Beattie et al., 1999) . Gynogenetic haploid embryos can be produced by the fertilization of eggs by UVirradiated sperm and are viable until mid-tadpole stages. While the sperm DNA is damaged and does not contribute to the offspring's genome, the sperm are still able to activate development of the egg and subsequent development of the embryo. Restoration of diploidy to haploid embryos generates embryos that are homozygous over some or all of their genome and concurrently are wild-type in phenotype if no underlying mutations are present. There are two ways in which to restore diploidy in amphibians, using a temperature shock (Smith, 1958; Kawahara, 1978) or high pressure. The 'early pressure' technique uses high pressure to block second meiosis whereas the 'late pressure' technique blocks the first mitotic cleavage. Late pressure will result in embryos that are homozygous at all loci whereas early pressure treated embryos will not be completely homozygous due to meiotic crossover (Beatty, 1957) . Early pressure does have an advantage over the late pressure technique as the recovery of diploid embryos is much higher with the former and therefore was our method of choice. The lack of homozygosity of early pressure animals can also be advantagous in that one can determine gene linkage relationships (Nace et al., 1970; Johnson et al., 1995) . The percentage of homozygous gynogenetic offspring is a function of the distance of the locus from its centromere and of interference with centromerically linked phenotypes uncovered in 50% of the offspring.
Results

Optimization of the gynogenetic method
Gynogenesis utilizing high pressure has been used to great success in X. laevis (Müller et al., 1978; Tompkins, 1978; Reinschmidt et al., 1979; Columbelli et al., 1984; Krotoski et al., 1985; Tompkins and Reinschmidt, 1991) . Given that X. tropicalis embryos develop at a slightly Fig. 1 . Comparison of gynogenesis and inbreeding schemes to isolate naturally occurring mutations. Inbreeding will identify mutants (denoted 'm') within two generations (F2) whereas gynogenesis produce results within the first generation (F1). different rate and that there are differences in the physical attributes of X. tropicalis eggs versus X. laevis eggs, namely size and timing of first cleavage (Khokha et al., 2002; Hirsch et al., 2002a) , a number of experiments were carried out to determine the ideal conditions for early pressure technique for X. tropicalis. Table 1 describes results of one such pilot experiment, in this case the effects of utilizing different pressures on survival and diploidization rates of eggs fertilized with UV-irradiated sperm. Here, the highest rates of survival were at the lower pressure measurements, 2200 psi, whereas the best rates of diploidization were to be found at the higher pressure measurements. Similar experiments were done with the timing of the application of the pressure (data not shown). While the absolute percentages of death, gynogenetic diploid recovery and abnormal development did vary somewhat experiment to experiment (for example, the percentage survival at the highest pressure 4800 psi may range as high as 50% compared to the 14% in the example illustrated in Table 1 ), the trends in the results observed remain true. The pressure level and duration of application used during the routine gynogenesis procedure utilized for this screen (3500-3700 psi for 6 min) was chosen to minimize the number of haploids while still recovering enough viable embryos for subsequent analysis.
During pilot experiments and early stages of the screen, as seen in Fig. 3 , X. tropicalis eggs were fertilized with UVirradiated sperm from transgenic crystallin-green fluorescent protein (GFP) males (Offield et al., 2000) . In this way any diploids resulting from contribution from the male genome could be eliminated from the analysis or as was more often the case, their absence in a batch of embryos made the paternal contribution to the phenotypes seen unlikely. As seen in Fig. 3A 0 , the expression of GFP is strong and in the embryos fertilized by non-UV-irradiated sperm and that few, if any, embryos with this expression were seen in the haploid and gynogenetic diploid populations (see Table 1 for a typical experimental result). The rare times where transgenic offspring were seen in haploid and gynogenetic diploid populations, it could be directly correlated to the irradiated sperm samples containing undisintegrated pieces of testes tissue. Likewise any haploids can be distinguished by their distinctive morphology (stubby appearance at neurula stages with flattened posterior, failure of posterior development at later stages, axis kinking and ventral edema; see Figs. 2,3B) and eliminated as well. The incidence of these haploid and transgenic diploid embryos also proved useful in determining on a daily basis how successful a particular round of gynogenesis had been.
It became evident during the course of the screen that vigilance as to the conditions under which the developing embryos and young tadpoles were raised was needed for two reasons: to more readily identify definitive genetic lesions, and to maximize the health of the animals, both for scoring purposes and for raising populations to adulthood. Dead and dying embryos were removed promptly from the dishes and fresh media provided daily. Overcrowding could jeopardize normal gastrulation and development and therefore after sorting a maximum of 100 embryos was added to each 100!15 mm petri dish during the first several days, and this number dropped down to 50 tadpoles per dish by the end of Fig. 2 . Schematic of the gynogenesis screen procedure. Eggs are harvested from the wild-caught female, as indicated by the unfertilized egg at the top of the figure, and undergo three different treatments (as denoted by the three outlined columns). In the first, the eggs are fertilized by harvested sperm and allowed to develop normally (left-hand column). In the second, haploid embryos are created by the fertilization of the eggs by UV-irradiated sperm (center column). In the third, after fertilization by UV-irradiated sperm, the eggs are treated with high pressure to induce the formation of gynogenetic diploid embryos (right-hand column). The haploid embryos have a distinct phenotype and can readily be distinguished from their wild-type and gynogenetic siblings.
the first week of development. In addition, as the screen progressed, we decided that embryos that were not developing normally during the first day of development were most likely the result of effects of the pressure technique or poor egg quality, and were therefore discarded. This significantly improved the efficiency of the screening process by removing the primary source of background variation in embryos that otherwise could confound identification of true genetic lesions and undoubtedly led to an underestimate of mutant phenotypes early in the screen. Common phenotypes of epigenetically damaged embryos included gross axial defects such as kinked or bent spines, reduced head structures and cyclopia, and missing or split tails and/or severe edema. The frequency of the mutant phenotype in the gynogenetic offspring varies from mutant to mutant as expected, presumably reflecting the distance of the mutated gene from the centromere . In our confirmed mutant lines listed in Table 2 , this penetration varies from 14.4 to 50%.
Summary of overall results
To fully utilize the potential of Xenopus as a developmental model system, it has been important to establish X. tropicalis in the laboratory, its genetics being the complement to the existing embryological techniques perfected in X. laevis. As one of the first laboratories to use X. tropicalis extensively, there were still a number of husbandry issues that needed to be resolved during the initial phase of the gynogenesis screen for naturally occurring mutations. First, a large number of tadpoles (gynogenetic diploids, outcrosses and haploid controls) needed to be raised under tightly controlled environmental conditions for the first 7 days of the screen. This proved to be vital given that nonideal husbandry conditions were seen to result in a proportionately large number of non-specific developmental defects, i.e. high background, as noted above. Then, once desired populations (non-lethal mutants and/or wild-type outcrosses) were selected, conditions had to be such that we would obtain at least 40 sexually mature animals to establish a viable breeding population at the end of the process. Finally, we needed to set minimal husbandry requirements that would result in healthy and fertile adult frogs. In addition, the importance of quarantining newly arrived animals, particularly those caught in the wild, cannot be overstated (Trott et al., 2004) . All of these issues are elaborated on our website at http://faculty.virginia.edu/ xtropicalis/husbandry/husbandry.html and are discussed in Hirsch et al. (2002a) . While current protocols facilitate the ease with which X. tropicalis is now grown and propagated in the laboratory, these trial-and-error advances in successful husbandry did reduce the efficiency during the early part of our gynogenesis screen.
During the first round of screening we looked at the gynogenetic diploids from over 160 females comprising four different wild-caught populations. We found 42 potential mutant phenotypes during the first round of gynogenesis. Not all the wild-caught females were rescreened immediately and some were subsequently lost in the intervening time. In addition, some females gave inconclusive results, and were dropped from this first phase of the analysis. Space limitations and interest factor limited the number of outcross populations raised to 25. These were subsequently screened for the putative mutant phenotype by either brother-sister matings or gynogenesis. Ten of these lines so far have proven to have genetically heritable recessive mutations. Experiments are currently ongoing to verify the heritability of mutations in the other potential mutant lines generated from the first round of screening. Detailed visual inspection of the embryo during the first 5-7 days of development has identified a number of mutant phenotypes (see Tables 2 and 3 ). The range of external phenotypes seen in confirmed and potential mutants include defects in overall head structure and individual organs such as the eye, nose, ear and jaw as well as differences in degree of pigmentation of the skin. There are a number of ear mutants including tadpoles that exhibited enlarged otic vesicles and a complete lack of otoliths ( Fig. 6 ) to tadpoles that exhibit varying degrees of otolith perturbation (Fig. 7) . Not surprisingly, their swimming and balancing abilities are also affected (see supplementary data). Internal organ structures such as the heart and gut were observed to be affected in some gynogenetic offspring and there were abnormalities in the arrangement of internal organs. Of the wild-caught females screened, eight exhibited left-right asymmetry defects in the arrangement of the gut and other organs in their gynogenetic offspring. Three of these have since proven to be genetically heritable (see Fig. 5 for an example). Interestingly, a brother-sister mating in the remaining unconfirmed gut mutant produced F2 tadpoles, 25% of which were observed to have a behavioral defecti.e. to swim in circles-but normal body morphology.
We have raised one heart mutant line. Six batches of gynogenetic tadpoles exhibited various kinds of edema (differing in location, onset and severity) (see Fig. 8 for the one mutant with edema so far confirmed to be genetically heritable). Some of the uncovered phenotypes are strikingly similar to those previously described for X. laevis (discussed below). Although the albino trait still eludes us, a potential hyperpigmented mutant and potential pale-skinned mutant was identified (data not shown).
We have not detected any dominant morphological phenotypes accompanying these mutations. However, there are lethal recessive mutants that are difficult to propagate as heterozygotes (little pitcher, grandma, somersault), even when outcrossed to different genetic backgrounds, raising the possibility of the mutation having a semi-dominant effect. 
. Puffy Eye
The puffy eye mutant was one of the first mutants isolated in the gynogenesis screen and exhibited the same phenotype in the gynogenetic offspring when the female was rescreened a second time as well as in the offspring of the F1 outcross. The homozygous phenotype is characterized by an extensive edema of the gut and head and is lethal between Days 5 and 7 of development. It is first recognized during Day 3 of development, i.e. Stages 40-41 where the tail tip is seen to start to curl upwards (Fig. 4B ). Soon after, the edema sets in and there appear to be circulatory problems especially evident along the dorsal and ventral lengths of the body and tail region. Sections through the embryos show that by Stages 41-42 there is necrosis of the brain tissue followed soon after by a generalized necrosis of body tissue. Dissection of whole brains at these stages reveal that the diencephalon and possibly the midbrain regions are reduced in size and altered in structure (Fig. 4E) . Interestingly the head is also narrower in shape and the eyes are closely associated with the neighboring brain tissue (Fig. 4D,  arrow) . This phenotype seems to be very similar to a zebrafish embryonic lethal mutant called aquabat, also characterized by the tail curling up, brain necrosis followed by generalized necrosis and a reduced circulation . bent tail (bt), a X. laevis mutant, exhibits a similar phenotype (Droin et al., 1970) . Whole-mount in situ hybridization analysis was carrried out on Stages 22-30 tadpoles using the following gene probes from markers regionally expressed in the developing tadpole brain: Xbf-1, Fgf-8, Rx, Nkx-2.1, Otx-2, Emx-1 and Pax-2. However, no significant difference was seen in the expression patterns between mutants and controls suggesting that there are not gross patterning defects in the brains of these mutants.
Mixed Up
In the mixed up mutants there is heterotaxy, i.e. randomization of the symmetry of the internal organs. The wild-type X. tropicalis embryo will have a normal heart where the conotruncus loops to the left from the right anterior aspect of the ventricle, a right coil origin for the gut (RO class) and counter-clockwise coils (CCW class) (see Branford et al., 2000 for definitions/descriptions and Fig. 5A ). All seven possible mutant combinations of the above three phenotypes are represented in these animals (see Fig. 5B ,C for examples). There are mutants that in addition to the above three phenotype combinations exhibit a defect where the small intestine instead of travelling posteriorly down one side of the embryo before crossing over ventrally to form the coils on the other side, crossed over immediately forming a 458 angle across the ventral part (D) illustrates the right hand view and E the left-hand view of three mutant tadpoles that are stained for Nkx2.5 expression. The tadpole at the top of (D) and (E) displays an altered expression of Nkx2.5 in the developing gut (D, arrowhead) whereas normal gut expression is observed in its two mutant siblings below it (E, arrowheads). This altered expression is indicative of the fact that this tadpole has an asymmetry defect affecting the direction of gut looping.
of the embryo. Two other wild-caught females showed similar phenotypes in their offspring-switched and directionless. Interestingly, no left-right asymmetry mutants have been reported in X. laevis.
When examining younger mutant mixed up embryos, the gut looping defects can first be seen at Stage 39 when the duodenum starts to curve. The aberrant heart looping is apparent by Stages 35-36. Whole-mount in situ hybridization studies using various gut, heart and other internal organ markers have been conducted on Stages 33-47 tadpoles and results indicate that the organs themselves are morphologically normal but the internal organ asymmetry has been switched at random in the mutant population (Fig. 5D ,E and data not shown). In wild-type Stage 41 tadpoles, Nkx2.5 is normally expressed in a U-shape on the left-hand side of the developing gut. In mutant tadpoles, this gut-specific Nkx2.5 expression can be unaffected, missing, or switched, while heart expression is unaffected. For example in panels 5D and 5E, two mutant tadpoles show normal expression of Nkx2.5 in the developing gut while the other has the expression switched from its left to right side.
Little Pitcher
These homozygous mutants exhibit an enlarged ear vesicle and are missing both saccular and utricular otoliths (Fig. 6B,D,F) . This phenotype is first visible during Stages 28-30. They are lethal in the homozygous state and tadpoles die after 6-7 days of development. The behavioral phenotype exhibited later in development includes trouble orientating and balancing themselves at rest as well as swimming in circles-both in horizontal planes and vertical loops. Similar phenotypes have been seen in zebrafish mutants-helter-skelter, keinstein and backstroke Whitfield et al., 1996) . The phenotype is strikingly similar to that of a described X. laevis mutantotolithless (otl) which has no otoliths and an enlarged ear. Droin (1967) also describe a slight dorsally curved shape. We also observe that a curvature of the spine develops, and it is not clear if this is associated with the primary defect in these animals or is due to the erratic swimming habits of the tadpoles. An identical phenotype was exhibited by the gynogenetic offspring of two other wild-caught females, though only one of these two lines currently exists (grandma).
Rough Diamond
In these gynogenetic diploids, different degrees of otolith perturbation were observed (Fig. 7B,D-F) . For example, some tadpoles may be missing a substantial potion of the normal otolith structure (Fig. 7F) and in others the otoliths may be abnormally placed and/or shaped (Fig. 7D,E) . Their swimming and balancing abilities are similarly variably affected. A number of zebrafish mutants with perturbed otolith formation have been isolated (Whitfield et al., 1996; Malicki et al., 1996) and a X. laevis mutant Turner (tr) has also been described (see Droin, 1971 ).
Balloon Head
The phenotype exhibited by these tadpoles seems similar to that described for the X. laevis bubblehead (bh) mutant (Krotoski et al., 1985) . The embryos develop an edema of the tissues surrounding the head (Fig. 8B,D,E) and die shortly thereafter. Likewise, bubblehead develops edema at Stage 42 which results in death by Stage 45 (Krotoski et al., 1985) .
Heartbreaker
Like the left-right asymmetry mutants, no X. laevis heart mutants have been previously reported. The heart of this particular X. tropicalis mutant, when viewed under anesthesia, beats less vigorously than wild-type hearts and the composition of either the heart wall tissue or blood is different from normal rendering the heart less red than normal and slightly smaller in size. Unsurprisingly, circulation through the extremities in these mutants appears to be compromised. 
Discussion
Identification of mutants in wild-caught X. tropicalis and comparison with similar studies in other organisms
Our goal has been to isolate naturally occurring recessive mutations in X. tropicalis as a first step in developing more ambitious screens in this organism so that genetic tools can become part of the repertoire of methods that are available to Xenopus researchers. Gynogenetic screening of wildcaught X. tropicalis populations has been successful in uncovering a number of recessive mutations in early developmental processes. The technique eliminates the need for backcrosses and intercrosses to obtain homozygosity thus reducing the time, workload and space needed to raise the number of animals needed to generate the homozygous mutants. The mutants isolated exhibit a wide range of phenotypes, including patterning and organspecific defects.
The existence of naturally occurring mutants in the X. laevis system has been well documented for some time (see Gurdon and Woodland, 1975; Droin, 1992 for summaries). Likewise, there has been documentation of mutants in other amphibians that have been successful and productive developmental model organisms, notably the axolotl (e.g. see Malacinski and Brothers, 1974) . However, analysis of many of these mutant lines has not been as thorough as developmental mutations in some systems, e.g. like the mouse. This is probably in part because of the tetraploid genome of X. laevis and the very large genome of the axolotl, but most importantly, there have not been methods available for identifying the gene responsible for the mutations in these systems, or, as in the mouse, a methodology for making mutations in particular genes. The diploid genome of X. tropicalis, together with its shorter life cycle, provides tangible advantages for developmental genetics in amphibians. But the impact of this work will be greatly enhanced because of other advances, most notably the tools of genomics that, for example, will allow mutant genes to be mapped and identified.
Our results indicate that the naturally occurring mutational load (R: lethal recessive mutations) in these particular populations of X. tropicalis appears to be lower (Table 4) than that reported for other organisms (discussed below), including X. laevis (1.875 mutations per animal; Krotoski et al., 1985) . Despite the apparently relatively low mutational load observed, it remains feasible to isolate a number of mutants from readily available animals without having to create and test mutagenesis protocols, making this a relatively rapid experimental approach. It should be noted that there were a number of false positives identified in the initial period of the screen when non-ideal husbandry would influence the tadpole phenotype (epigenetic effects). This has since been rectified and such artifacts are now quickly dismissed given that their artifactual phenotypes are easily recognized as such. In addition, such background issues undoubtedly obscured identification of some early mutants as well. The apparently more robust results of the X. laevis screen are in large part due to the fact that this screen occupied a much larger time span in development whereas the screen described here was confined to the first 5-7 days of embryogenesis. About two-thirds of the mutants identified in the X. laevis screen were found at stages after we had stopped scoring phenotypes. Inbreeding can eliminate recessive lethals from a population (Willis, 1992) and we cannot rule out the possibility that the animals that were collected on our behalf were from areas where there was some inbreeding in the population. Unfortunately, no information is available regarding the size of our source population or its density.
There is data on the prevalence of visible and/or lethal recessive mutations in several different species from genetic screens conducted on wild-caught populations.
In Drosophila, the number of visible recessive mutations per fly varies from 0.3 to 1.3 (Timofeeff-Ressowsky and Timofeeff- Ressowsky, 1927; Spencer, 1957; Lewontin, 1974) . The number of lethal recessive mutations in the fly is estimated to fall between 1 and 3 (Berg, 1937; Sturtevant, 1937; Dubinin, 1946; Kusakabe et al., 2000; Powell, 1997) . While not as much numerical data is available for vertebrate populations, results indicate that wild-caught populations in a number of different species have proven to be viable sources of developmentally important mutants. The study alluded to above, using eight wild-caught X. laevis females, revealed 15 heritable developmental abnormalities (Krotoski et al., 1985) . These included partial albinos, eye defects, abnormal pigmentation, growth arrest and motility mutants. Likewise a study of 32 mutations in populations of nuclear transfer frogs has shown that at least seven of these mutations could be traced back to the wild-type stock that were used to conduct the experiments with and were therefore naturally occurring. If it was assumed that no damage was incurred as a result of the nuclear transplant procedure then the 32 mutations were derived from only 20 frogs, giving a frequency of 1.6 mutations per frog, similar to the 1.875 calculated by Krotoski et al. (1985) (see Droin, 1992 for details). Isolated Rana mutants are mostly pigment-pattern variants (Browder, 1975) and have been proven to be useful for analyzing the adaptive significance of mutant genes in wild populations (Merrell, 1969) . Krotoski et al. (1985) stated that RZ1.6 in Ambystoma mexicanum though McCune et al. (2002) mentions that this number could not be calculated from the original papers cited alone. A range of phenotypes has been reported including a number of mutants with defects in color pattern and organ/tissue formation as well as maternal effect and nucleolar mutants. Interestingly, one wild-caught male was shown to possess four unique lethal traits and there is also a category of lethal mutations whose tissues are non-viable even when transplanted into wild-type hosts. Other mutant urodeles have been documented but no screens have been conducted so it is not unsurprising that these comprise mostly pigment mutants such as albinos. Values of RZ1.4 and 1.9 for the teleost fishes Danio rerio and L. goodei, respectively, have been calculated (McCune et al., 2002) . D. rerio mutants exhibited cranial malformations, swim bladder problems, axial abnormalities and gut defects. L. goodie mutants either are notable for their lack of pigment or exhibit axial abnormalities hence the names humped, curly and uptail. When R is in the 1-2 range, then it is reasonable to hypothesize that screening of natural populations is a viable method of obtaining mutants as most individuals captured will have on average 1-2 unique recessive mutations (McCune et al., 2002) . With the more refined husbandry methods now in hand for X. tropicalis, and by surveying a broader time span of development for mutant phenotypes, it is likely that similar recessive lethal mutation rates would be seen as well for X. tropicalis. The similarity between some of our mutants and those documented in X. laevis is striking. While reassuring to recapitulate naturally occurring mutations seen in another species, it is notable given the duplication in the X. laevis genome that they are so similar as one would expect perhaps more subtle phenotypes in X. laevis due to the redundancy inherent in a duplicated genome which could mitigate the effects of some single mutations. Krotoski et al. (1985) , however, argue that X. laevis may be functionally diploid.
Also in a few categories, the same or similar phenotypes have been observed in several wild-caught animals. For example, a phenotype similar to the little pitcher mutant phenotype was identified in three different females (including grandma) and in two different populations whereas the heterotaxy mutants were seen in eight different cases and all the populations. It is not presently clear whether this reflects mixing between wild populations, i.e. it is the same mutation, or if these are mutations in different parts of the pathway or simply separate alleles.
It is interesting that one of the mutants we have isolated was recovered in brother-sister pairings of the F1 outcross, in that it was missed during the screening of the wild-caught mother. This could have been due to the low incidence of gynogenetic diploids exhibiting this phenotype, perhaps a consequence of distance from the centromere and crossing over in meiosis. The other possibility is that this is a mutation carried by the males used to generate the control F1 outcross.
It is not too surprising that we might begin to uncover other mutations while propagating a line that might have been missed in the original screen. It is our experience that even with our inbred laboratory lines that we have recovered two different developmental mutants, one from a Nigerian line and another from an Ivory Coast line (M. Cox and R. Grainger, unpublished data).
The range of phenotypes seen begin to manifest themselves at tailbud stages. We have not been successful in isolating mutations that appear earlier most likely due to the limitations of the gynogenesis technique as used in this initial screen, in combination with suboptimal husbandry methods at early stages in this project. There is a substantial amount of death at gastrulation in pressure treated embryos and therefore mutations that affect the process of gastrulation would be hard to identify. Mutations that would otherwise show effects prior to gastrulation will in turn be masked by the maternal contributions to the embryo. Other than that, the range of phenotypes observed to come out from our screen are wide-ranging and include some that have not previously been seen in Xenopus mutants such as heterotaxy and heart defects. This is most likely due to the fact that the mutations are semi-lethal and deaths occur over a long period of time so may not be remarked on under nonexperimental conditions. In addition, these two examples are only noticeable when the embryos are anesthetized and their ventral morphology examined.
Prospects of improving efficiency of screening methods
One of the disadvantages of our gynogenetic screen is a relatively high level of death and abnormal development seen in a significant fraction of the gynogenetic diploid embryos due to pressure procedure alone. This could have resulted in us not identifying phenotypes present at a low frequency due to meiotic recombination, for example 15% or less, particularly those that are either subtle in nature or similar to those created by the gynogenesis procedure. Gynogenesis using late pressure instead of early pressure to recover animals that are homozygous over all their loci could in principle be useful in recovering those mutants that would otherwise be lost due to low numbers caused by crossing over. Unfortunately, our pilot experiments with late pressure, while producing such 'late' gynogenetic diploids, result in such a high death rate as to render the use of this technique impractical for screening. Since the completion of the screen described in this paper, other avenues to create gynogenetic diploids have been explored in our laboratory, for example, heat-and cold-shock techniques. The cold-shock protocol that is under development (A. Cox and R. Grainger, unpublished results) has yielded very encouraging preliminary results, surpassing that of the pressure technique used here. Cold-shock appears to overcome some of the disadvantages of the pressure technique in that it results in fewer early embryonic defects, and allows the creation of completely homozygous animals with a reduction in background abnormal development. This potentially paves the way for the possible identification of earlier developmental phenotypes in future X. tropicalis screens for developmental phenotypes. With this new methodology, and improved husbandry we also find that over 90% of phenotypes identified in a primary gynogenetic screen are recapitulated in a second gynogenetic evaluation and/or are shown to be genetically heritable in outcrosses.
A large reduction in workload could be evinced simply by employing haploid screens and therefore eschewing the technical problems associated with gynogenesis. The caveats are that haploids have a distinct morphology which could obscure certain mutant phenotypes and they do not live beyond 4 days or so, which limits the screen to early development. Interestingly, the haploid phenotype can vary significantly in its severity with some females producing haploid embryos that are very close to wildtype phenotype, excepting some tail truncations, while other females produced haploids that looked like embryos that had exogastrulated. Therefore, it is highly likely that there is a genetic component to the haploid phenotype. The genetic background of the mother may not be the only factor controlling the quality of the haploid phenotype as we have seen that the quality of the eggs and the amount of UVirradiation the sperm are exposed to also play a role. Haploid screens could be used to screen for gastrulation defective embryos. Attempts are underway to identify genetically stable lines that produce routinely haploid embryos with mild defects to ascertain whether haploids screens will be feasible.
Of course, the most efficient way to isolate developmentally important mutants is by induced mutagenesis. ENU mutagenesis has been used to great success in a number of model organisms and a number of permutations on a simple ENU mutagenesis screen such as using transgenic reporter lines (Hirsch et al., 2002a) , to increase the sensitivity of screens for a particular phenotype, could prove to be useful. As the ultimate goal of such analyses is to clone the mutant gene responsible for the phenotype, insertional mutagenesis, using techniques such as gene traps (e.g. Bronchain et al., 1999) and transposons, may be efficient in the long run as the inserted DNA serves as a molecular identifier. Traditional approaches such as the candidate gene approach, positional-candidate gene approach and positional cloning are time-consuming efforts and require comprehensive synteny maps and/or knowledge of mutant phenotypes and genetic pathways. Positional cloning of identified genes will soon be a reality as a result of the X. tropicalis genome project and ongoing endeavors to generate a genetic map in X. tropicalis, but other approaches currently in use may obviate the laborious approach to cloning the defective gene in forward genetic screens. The use of expression cloning strategies, which have been so successful in Xenopus (e.g. Smith and Harland, 1992) , may allow one to identify mutated genes by rescue experiments in which pools of cloned cDNAs are injected into mutant embryos to identify genes that restore a normal phenotype. Strategies for reverse genetics will be powerful as well. For example, Weinholds et al. (2002) have obtained stable mutants of a particular gene simply using ENU mutagenesis and knowledge of the gene sequence of interest, screening through a large population of animals to identify those with mutations in a particular gene.
It is possible that more subtle morphological mutant phenotypes could have escaped detection given that most of the mutants identified have gross morphological defects. Rescreening more carefully at higher magnification than the magnifications that were routinely employed could prove to be beneficial. Likewise, the screening procedure could be expanded to include molecular markers detectable by whole-mount in situ hybridization and non-visual screening procedures such as behavioral assays. In zebrafish, a number of other screening methods have been used to supplement the simple visual screen, for example, simple behavioral assays (Brockerhoff et al., 1995; Granato et al., 1996) and experimental procedures to define morphological or molecular differences that would not otherwise be detected (Baier et al., 1996; Henion et al., 1996) .
While androgenetic screens (Gurdon, 1960) were discarded in favor of the gynogenesis screen described here, there are some advantages to the former that should be mentioned. Males do mature faster than females, so sexually mature males in the F1 generation could be generated sooner and screened faster. Another advantage to utilizing the male genome rather than the female genome as a mutant lies in the existence of sperm-freezing protocols (Sargent and Mohun, in press) where one could retain the ability to regenerate a line indefinitely once a mutation has been confirmed as well as reduce the number of animals raised during the screen. These protocols are routinely used in our laboratory with successful results.
It should be stressed that the real value of obtaining X. tropicalis mutants is that one can study early phenotypes by embryonic and molecular manipulation. For example, there is the ability to make experimental tissue chimeras which could be useful in determining which tissue layer is defective in the mutant embryo. One can also circumvent the problem of obtaining pure batches of homozygous mutant embryos, especially before a phenotype is visible, and in the case of homozygous mutant lethals, by performing germ cell transplants. Here germ cells of homozygous mutant animals would be transferred to a wild-type host which will then at sexual maturity produce only homozygous mutant eggs or sperm (Blackler and Gecking, 1972a,b; M. Fisher and R. Grainger, unpublished data) . Likewise there exist a myriad of molecular techniques perfected for use in the developing Xenopus embryo that could be used in conjunction with genetic studies, for example to examine the effect of particular gene products on the mutant phenotype by injection of antisense morpholino oligonucleotides into embryos.
Experimental procedures
Origin of lines
Because our goal was to survey as diverse a population of animals as possible, we obtained wild-caught animals from distinct populations in Africa. Our stocks of wild-caught X. tropicalis were purchased from Pacific Biological Supply and were collected from different (but unknown) locations in West Africa. Four different populations were screened and designated population A, B, C and F.
Gynogenesis procedure
Wild-caught females were primed about 20 h prior to laying with 10 units of human chorionic gonadotrophin (HCG). The same females were then boosted with 100 units of HCG 4 h prior to laying. Eggs were squeezed from an individual female into a dry 15!100 mm petri dish with care taken to avoid wetting the eggs. These eggs were then divided among three smaller petri dishes (15!60 mm), two of which contained UV-irradiated sperm and one containing untreated wild-type sperm (see section below for sperm solution protocol). The first two dishes were used to generate the haploids and gynogenetic diploid embryos and the third dish was used to produce a wild-type outcross (see Fig. 2 for a schematic of the procedure and resulting embryo phenotypes). The eggs were incubated with the sperm solution for 5 min, after which the dishes were flooded with 1/20!MBSC0.1%BSA (pH 7.4-7.6) to activate the eggs. After another 5 min at room temperature, one of the two batches of eggs fertilized with irradiated sperm was subjected to 3500-3700 psi of hydrostatic pressure for 6 min to generate the gynogenetic diploids. After the 6-min incubation, the pressure was relieved and the eggs transferred from the pressure chamber to a new 15!60 mm dish.
It should be noted that the pressure chamber that was routinely used here has been modified from that used by Krotoski et al. (1985) . The original chamber design was a hollow cylinder (a standard French Press) filled with liquid into which the eggs were poured and hydrostatic pressure was applied by squeezing a piston into the chamber. Our pressure apparatus has three parts: the standard French Press to which the piston is applied, a second chamber to which the eggs are added, and a pipe that connects the two chambers, allowing the hydrostatic pressure to be transmitted from the piston chamber to the egg chamber. This design variation has enabled us to have a larger egg-holding chamber and therefore prepare multiple samples simultaneously. The egg-holding chamber has a removable top (held down by stainless steel bolts) allowing us to insert a number of samples at once in open glass vials into the chamber. The liquid used to provide the hydrostatic pressure and in which the eggs are immersed, was 1/20!MBS (pH 7.4-7.6).
Subsequently, the three batches of eggs (wild-type, haploids and gynogenetic diploids) were left to develop at room temperature until the 2-to 4-cell stage. Then, they were subjected to a 2% cysteine treatment (2% cysteine in 1/10!MBS, pH 7.9) for 6 min, swirling on a shaker at room temperature, to remove the jelly coats surrounding the eggs. Once the jelly coats were removed, the eggs were rinsed four times with 1/20!MBSC0.1% BSA and sorted into groups of 100 cleaving embryos per 100!15 mm petri dish in 1/10!MBSCgentamicin sulfate (50 mg/ml). Embryos were raised in 100!15 mm petri dishes at 25 8C for the next 7-10 days. For the first 4 days, tadpoles were raised in 1/10!MBSC50 mg/ml gentamicin sulfate and subsequently transferred into dechlorinated tap water. Once in water, tadpoles were fed small amounts of Sera Micron (Sera Partners) 1-2 times daily.
Sperm preparation and UV-irradiation
Two males were sacrificed and their testes dissected and collected into two eppendorf tubes containing 100 ml of 1! MBSC0.1%BSA (pH 7.0). Eppendorf pestles are used to mash the tissue until it was homogeneously dispersed. The contents were transferred to a 15 ml tube and the volume brought up to 3 ml. The contents were mixed, by shaking gently, and then the tube left upright so that any larger tissue pieces settled to the bottom. The 200-300 ml of sperm solution was then transferred to petri dishes that were premoistened with 1!MBSC0.1% BSA (pH 7.0) solution. If the sperm was to be irradiated, it was exposed to two treatments of 20,000 mJ/cm 2 in a UV-crosslinker with the petri lid left off. It was necessary to swirl the contents of the petri dish in between UV-irradiation treatments to ensure that all sperm was exposed to the UV light. Likewise, it was important to avoid transferring any tissue material that settled to the bottom of the 15 ml tube to the petri dishes that to be irradiated as this might have compromised the UV treatment by shielding the sperm.
Description of screening process
Similar to zebrafish, the X. tropicalis tadpole is translucent after stages 40C which makes it particularly suitable for a visual screen conducted under a dissecting microscope. Prior to these stages, the external morphology is also easily scored. The screen was limited to phenotypes that exhibited within the first 7 days of development. As summarized in Table 5 , embryos were examined and scored 1-2 times daily with prompt removal of dead or dying tadpoles and daily medium changes. Abnormally gastrulating embryos were also removed. Embryos with gross morphological defects prior to 5 days of age (for example those with axial defects or severe edema) were either discarded or separated into new dishes to avoid compromising the health of the remaining embryos and to make scoring easier. Score sheets were used to keep detailed notes on visual observations. After tadpoles were 4 days or older, detailed visual inspection was not possible without Table 5 Description of screening process
Day 1
Cleaving embryos are sorted into groups of 100 per dish in a buffered media solution with antibiotic. Percentage fertilization noted if not 100% Day 2
Embryos are screened for gastrulation defects, dead embryos discarded and the media changed. Percentage dead embryos and exogastrulae noted Day 3
Embryos are screened for gross abnormalities, dead and haploid embryos discarded and the media changed. Percentage dead and haploid embryos noted Day 4
Tadpoles are screened for axial abnormalities, fed and changed into conditioned water; 50 tadpoles per dish. Dead tadpoles are discarded Days 5-7
Tadpoles are anesthetized and screened for organ abnormalities. Tadpoles are fed and water is changed daily. Dead tadpoles are discarded anesthetization of the animals. Tadpoles could be reversibly anesthetized by dropwise addition of a 2 mg/ml solution of MS-222 (tricaine methanesulfonate) in 1/10!MBS into the petri dish until tadpole movement ceased. To revive the tadpoles, they were transferred to a new dish with fresh media or water. In addition to visual inspection under the light dissecting microscope, some embryos were harvested for in situ hybridization with various early developmental markers (according to Sive et al., 2000) and/or sectioned to analyze developmental defects in more detail (according to Sasai et al., 1996) . The numbers of offspring examined per wild-caught female depended on the number of eggs laid, percentage fertilization and in the case of the gynogenetic diploids, survival of the embryos post-pressure treatment. Usually, one would aim to have approximately 200 control outcross embryos, 50 haploid embryos and a minimum of 200 gynogenetic diploids per wild-caught female screened. Low incidences (under 10%) of edema, cyclopia, microencephaly and left-right asymmetry were common in gynogenetic diploid samples and while noted, were often discarded as they were considered to be epigenetic or non-specific. Siblings in outcross controls and haploids were used as standards for each batch of gynogenetic diploids to control for both egg quality and pressure procedure efficiency.
Recovery of mutations
Gynogenesis allows genetic mutations to be identified in the first generation. However, due to the consistent but low level of inherent experimental artifacts, two steps were performed to confirm that the mutation was not artefactual. The first step was to rescreen the eggs of the identified female carrier by gynogenesis, allowing 2-3 months after the initial result was seen for females to produce new eggs. The second step was to confirm that the mutation is genetically heritable and so inbreeding was used to supplement the gynogenetic screen. Here, with the generation of gynogenetic progeny from a wild-caught mother (Fig. 1B) , an outcross population was created simultaneously using non-irradiated sperm (Fig. 1A) . The F1 progeny of the outcross were then crossed to each other to demonstrate the inheritance patterns of the mutants. In pairs whose offspring showed the expected phenotype, the ratio of mutant to wild-type embryos was determined to ascertain whether the defect was present in Mendelian ratios expected for a single gene mutation. We expected to see, on average, in every four matings, 25% of the offspring exhibiting the mutant phenotype. If the founding wild-caught female was still alive, she could be mated to a F1 male, therefore increasing the expectation of seeing a phenotype once in every two matings. If F1 carriers were identified by intercrossing, the normal F2 offspring were also raised to increase the number of available heterozygotes. Alternatively, in situations where only a few of the F1 outcross survived to sexual maturity, females from the F1 outcross were screened by gynogenesis and if the phenotype recapitulated in this next generation, then this was also regarded as confirmation that the mutation was genetically heritable. The natural matings for the various crosses were performed as described by Hirsch et al. (2002b) .
